Transcranial Direct Current Stimulation Modulates Cortical Neuronal Activity in Alzheimer's Disease by Sara Marceglia et al.
ORIGINAL RESEARCH
published: 31 March 2016
doi: 10.3389/fnins.2016.00134
Frontiers in Neuroscience | www.frontiersin.org 1 March 2016 | Volume 10 | Article 134
Edited by:
Ignacio Obeso,
Hospitales Madrid and CEU-San
Pablo University, Spain
Reviewed by:
Merce Boada,
Institut Català de Neurociències
Aplicades, Spain
David Bartrés-Faz,
University of Barcelona, Spain
Juan Antonio Barios Heredero,
Universidad Politecnica de Madrid,
Spain
*Correspondence:
Alberto Priori
alberto.priori@unimi.it
†
These authors have contributed
equally to this work and are listed in
alphabetical order.
Specialty section:
This article was submitted to
Neurodegeneration,
a section of the journal
Frontiers in Neuroscience
Received: 16 October 2015
Accepted: 16 March 2016
Published: 31 March 2016
Citation:
Marceglia S, Mrakic-Sposta S,
Rosa M, Ferrucci R, Mameli F,
Vergari M, Arlotti M, Ruggiero F,
Scarpini E, Galimberti D, Barbieri S
and Priori A (2016) Transcranial Direct
Current Stimulation Modulates
Cortical Neuronal Activity in
Alzheimer’s Disease.
Front. Neurosci. 10:134.
doi: 10.3389/fnins.2016.00134
Transcranial Direct Current
Stimulation Modulates Cortical
Neuronal Activity in Alzheimer’s
Disease
Sara Marceglia 1, 2 †, Simona Mrakic-Sposta 1, 3 †, Manuela Rosa 1 †, Roberta Ferrucci 1,
Francesca Mameli 1, Maurizio Vergari 1, Mattia Arlotti 1, 4, Fabiana Ruggiero 1, Elio Scarpini 5,
Daniela Galimberti 5, Sergio Barbieri 1 and Alberto Priori 1, 6*
1 Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Clinical Center for Neurostimulation, Neurotechnology, and
Movement Disorders, Milano, Italia, 2Dipartimento di Ingegneria e Architettura, Università degli Studi di Trieste, Trieste, Italia,
3 Istituto di Bioimmagini e di Fisiologia Molecolare, Consiglio Nazionale delle Ricerche, Segrate, Italia, 4Dipartimento di
Ingegneria Elettrica e dell’Informazione “Guglielmo Marconi,” Università  di Bologna, Cesena, Italia, 5Unità  di Neurologia,
Dipartimento di Fisiologia Medico-Chirurgica e dei Trapianti, Università  degli Studi di Milano, Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico, Milano, Italia, 6Dipartimento di Scienze della Salute, Università  degli Studi di Milano, Polo
Ospedaliero San Paolo, Milano, Italia
Quantitative electroencephalography (qEEG) showed that Alzheimer’s disease (AD)
is characterized by increased theta power, decreased alpha and beta power, and
decreased coherence in the alpha and theta band in posterior regions. These
abnormalities are thought to be associated with functional disconnections among
cortical areas, death of cortical neurons, axonal pathology, and cholinergic deficits.
Since transcranial Direct Current Stimulation (tDCS) over the temporo-parietal area
is thought to have beneficial effects in patients with AD, in this study we aimed to
investigate whether tDCS benefits are related to tDCS-induced changes in cortical
activity, as represented by qEEG. A weak anodal current (1.5 mA, 15 min) was
delivered bilaterally over the temporal-parietal lobe to seven subjects with probable
AD (Mini-Mental State Examination, MMSE score >20). EEG (21 electrodes, 10–20
international system) was recorded for 5 min with eyes closed before (baseline, t0)
and 30 min after anodal and cathodal tDCS ended (t1). At the same time points,
patients performed aWord Recognition Task (WRT) to assess workingmemory functions.
The spectral power and the inter- and intra-hemispheric EEG coherence in different
frequency bands (e.g., low frequencies, including delta and theta; high frequencies,
including alpha and beta) were calculated for each subject at t0 and t1. tDCS-induced
changes in EEG neurophysiological markers were correlated with the performance
of patients at the WRT. At baseline, qEEG features in AD patients confirmed that
the decreased high frequency power was correlated with lower MMSE. After anodal
tDCS, we observed an increase in the high-frequency power in the temporo-parietal
area and an increase in the temporo-parieto-occipital coherence that correlated with
the improvement at the WRT. In addition, cathodal tDCS produced a non-specific
effect of decreased theta power all over the scalp that was not correlated with the
clinical observation at the WRT. Our findings disclosed that tDCS induces significant
modulations in the cortical EEG activity in AD patients. The abnormal pattern of EEG
activity observed in AD during memory processing is partially reversed by applying anodal
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tDCS, suggesting that anodal tDCS benefits in AD patients during working memory tasks
are supported by the modulation of cortical activity.
Keywords: transcranial Direct Current Stimulation (tDCS), neuromodulation, Alzheimer’s disease, quantitative
EEG, coherence, spectral analysis
INTRODUCTION
Alzheimer’s disease (AD) is a neurological disorder characterized
by memory loss, severe intellectual impairment, and widespread
cortical atrophy mainly localized in temporal-parietal (TP) lobe
(Guze et al., 1991; Scarpini and Cogiamanian, 2003; Migliaccio
et al., 2012). Morphological and functional data point out an
early involvement of the temporal mesial areas followed by a
progressive spread to the fronto-temporo-parietal areas with
relative maintenance of the primary motor cortex (Kesslak
et al., 1991; Braak et al., 1996; Karas et al., 2003). Functional
neuroimaging studies showed a decreased metabolic activity in
these areas (Haxby et al., 1987; Biegon et al., 1994; De Santi
et al., 2001; Ewers et al., 2011). Brain tissue in AD patients
is characterized by an increase of oxidative stress (OxS), with
damage to proteins, lipids, and DNA oxidation/glycoxidation
processes (Feng and Wang, 2012). OxS is generally an imbalance
in production of Reactive Oxygen Species (ROS) and Reactive
Nitrogen Species (RNS) vs. the antioxidant defense system. OxS
caused by excessive production of ROS, primarily superoxide
anion, is considered the most important mechanism by which
risk factors deprive the endothelium of Nitric Oxide (NO)
(Alusik et al., 2008). AD is hence characterized by a decreased
concentration of NO (Selley, 2003; Guix et al., 2005) that is
thought to contribute to cognitive decline (Katusic and Austin,
2014).
The application of transcranial Direct Current Stimulation
(tDCS), a non-invasive technique for focal modulation of
brain and nerve function (Nitsche and Paulus, 2000, 2001;
Priori, 2003; Paulus, 2004; Wassermann and Grafman, 2005),
over the TP brain areas provided encouraging results on
memory improvement in patients with AD and was proposed
as adjuvant therapy for AD (Ferrucci et al., 2008; Boggio
et al., 2012). The facilitating effect of anodal tDCS is
believed to improve the TP hypoactivation in AD patients,
thus enhancing memory performances (Ferrucci et al., 2008).
However, neither our previous work nor the other literature
on tDCS in AD assessed tDCS effects at the neurophysiological
level.
Quantitative electroencephalography (qEEG) consists in the
application of mathematical algorithms to the EEG signal,
aimed at highlighting “quantitative” information not available
in “qualitative” (or paper-based) EEG analysis. In particular,
EEG analysis in the frequency domain (power spectral analysis)
provides information about the presence of different oscillations
in the EEG that reflect the general arousal levels in the brain.
Coherence analysis can be used to evaluate cortical connections
and to provide additional sources of information about the
topography of synchronous oscillatory activity (Locatelli et al.,
1998; Anghinah et al., 2000; Stevens et al., 2001; Fonseca et al.,
2015). qEEG is now well established for assessing the functional
state of the brain (Gudmundsson et al., 2007), and for supporting
the discrimination of different pathologies (Koberda et al., 2013).
In children with autism, the application of tDCS induced
an improvement in the health/behavior and social domains as
measured by the autism treatment evaluation checklist (ATEC),
that was reflected in an improvement of the cortical activity
pattern measured by EEG (Amatachaya et al., 2015). This study
suggests that EEG analysis can provide a significant contribution
for understanding tDCS-induced neurophysiological changes
correlated to tDCS-induced clinical changes.
The neurophysiological cortical pattern of AD was studied
since 1980s (Klimesch, 1999). Whereas, theta (2.5–7 Hz)
oscillations (i.e., low-frequency activity) appear to be higher in
AD patients than in normal subjects in TP areas, alpha (8–12 Hz)
and beta (13–25 Hz) oscillations (i.e., high-frequency activity) are
lower in AD patients in frontal and TP brain areas (Duffy et al.,
1984; Chiaramonti et al., 1997; Jelic et al., 2000; Kramer et al.,
2007; Koberda et al., 2013; Fonseca et al., 2015). Even though
the definition of frequency band limits may vary according
to the subject population (Klimesch, 1999), the alpha band
power was positively associated with the search and retrieval
mechanisms in long term memory whereas the theta band power
was negatively associated with the information encoding in
the hippocampo-cortical loops (Klimesch, 1999). In addition, a
decreased alpha coherence was found with bipolar recordings
in AD (Leuchter et al., 1992; Wang et al., 2014) particularly in
the inter-hemispheric alpha coherence between occipital sites
(Anghinah et al., 2000) and in temporo-parieto-occipital areas
(Locatelli et al., 1998; Stevens et al., 2001; Jeong, 2004; Wang
et al., 2014) thus suggesting that the alpha coherence decrease
could be related to the lack of influence of subcortical cholinergic
structures on cortical electrical activity. Also, Locatelli et al.
(1998) reported an increase in delta coherence between frontal
and posterior regions in AD patients, but only in a few patients,
whereas others reported decreased theta coherence in the fronto
and parieto-occipital areas (Wang et al., 2014). The decreased
inter-hemispheric theta coherence correlates with lower Quality
of Life indicators in AD patients than in controls (Fonseca et al.,
2015).
Interestingly, the higher density of sources of theta, alpha, and
beta activity were localized in the TP areas in ADpatients whereas
the source of these activities were more distributed in healthy
controls (Vecchio et al., 2013). This suggests that applying tDCS
over TP areas may have an effect also on the EEG pattern. Also,
direct electric fields applied in endothelial cells culture were
shown to increase NO production (Trivedi et al., 2013) thus
suggesting that tDCS may change NO levels. In fact, models of
the electric properties of the brain suggest that the electric field
generated during tDCS in humans is around 1 mV/mm (Neuling
et al., 2012) indicating that endothelial cell-dependent responses
may be triggered during tDCS.
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Because AD is characterized by impaired EEG pattern and
decreased NO levels (Guix et al., 2005; Zhu et al., 2007; Katusic
and Austin, 2014) and since tDCS is thought to affect both
EEG and NO, in this work we investigated whether the effects
of tDCS on memory functions in AD patients were consistent
with tDCS-induced changes in EEG and NO levels, by analyzing
a population of AD patients in which, in a previous work, we
showed that anodal tDCS improved memory functions (Ferrucci
et al., 2008).
METHODS
Patients
We studied a subset of seven subjects (5 women and 2 men;
mean ± SD age 75.4 ± 7.2 years; years of education 11.4 ±
5.5), from the patient set already considered in Ferrucci et al.
(2008). The diagnosis of probable AD was based on the criteria
of NINCDS-ADRDA (McKhann et al., 1984) and the DSM-IV.
All patients were under treatment with cholinesterase inhibitors
(ChEI). The Mini-Mental State Examination (MMSE) score was
above 20 (22.4 ± 1.39). The study was carried out in accordance
with the recommendations of the Ethical Committee of the
Fondazione IRCCS Ca’Granda Ospedale Maggiore Policlinico
with written informed consent from all subjects. All subjects gave
written informed consent in accordance with the Declaration of
Helsinki.
EEG Recordings and Analysis
EEG was recorded in a quiet room, with the subject awake,
seated on a comfortable high-backed chair and with closed
eyes, under healthcare personnel continuous control. Twenty-
one electrodes (Ag/AgCl) were positioned according to the 10–
20 International System using the EBNeuro Mizar-Light system
(EBNeuro, Florence, IT). The sampling frequency was 1024 Hz
with a bandpass of 0.5–500Hz and a sensibility of 7µV/mm. EEG
was recorded for 5 min with eyes closed at baseline (t0) and 30
min (t1) after anodal tDCS (AtDCS) and cathodal tDCS (CtDCS)
(Figure 1).
The software toolbox EEGLAB (Delorme and Makeig, 2004),
running under the cross-platform MATLAB environment
(The Math-Works 7.0, Inc.) was used for data processing.
Preprocessing procedures included artifact rejection and
filtering. EEG was analyzed in the frequency domain through
power spectrum estimation. Power spectra were calculated with
the Welch’s averaged modified periodogram method (Welch,
1967) with a resolution of 1 Hz. Spectral power in the bands
that were identified as neurophysiological biomarkers of AD
were calculated for each subject before and after A- and CtDCS,
namely delta (1–3 Hz), theta (4–7 Hz), alpha (8–12 Hz), and
beta (13–35 Hz). The band definition (in terms of frequency
interval) followed the classical EEG analysis. Spectral power was
calculated on each electrode.
As a measure of synchronization between brain areas,
coherence was estimated as:
Cxy(f ) =
∣
∣Pxy(f )
∣
∣2
Pxx(f )Pyy(f )
Where x and y are two EEG signals from two different electrodes,
Pxx(f) and Pyy(f ) are the power spectral densities of x and y, and
Pxy(f) is their cross-spectral density.
In particular, inter-hemispheric EEG coherence in the frontal
and antero-temporal (F-A-T) regions (Fp1-F7; Fp2-F8; Fp1-F3;
Fp2-F4; Fp1-C3; Fp2-C4; F7-C3; F8-C4; F3-C3; F4-C4) and in the
temporo-parieto-occipital (TP-O) regions (O1-P3; O2-P4; O1-
T5; O2-T6; O1-C3; O2-C4; P3-C3; P4-C4; T5-C3; T6-C4) were
calculated in the same frequency bands.
tDCS and Memory Task
The full stimulation protocol is described in Ferrucci et al. (2008).
tDCS was delivered at 1.5 mA intensity for 15 min over bilateral
TP areas (above P3-T5 left side and P6-T4 right side according to
the international 10–20 electrode placement system) through a
commercial DC stimulator, connected to thick (0.3mm) saline-
soaked sponge electrodes, two placed over the scalp (active
electrodes) and the other one (reference electrode) over the right
deltoid muscle (for all the details, see Ferrucci et al., 2008). Each
patient underwent two tDCS sessions, one for AtDCS and one
for CtDCS stimulation, in a randomized order, with at least 1-
week interval between the two sessions. tDCS polarity referred to
the active electrodes over the scalp. The wide electrode surface
(scalp electrode 25 cm2; deltoid electrode 64 cm2) avoided the
possible harmful effects of high current density. To guarantee
safety we applied to each stimulation site current at a density of
0.06 mA/cm2 and delivered a total charge of 0.054 C/cm2. These
intensities are below the threshold for tissue damage (Liebetanz
et al., 2009).
Before and after tDCS, recognition memory function was
assessed by a pencil-and-paper word recognition task (WRT)
over a set of 24 words (12 previously seen by the patients, and
12 randomly chosen from a word set), as fully described in our
previous paper (Ferrucci et al., 2008). The difference between the
words correctly recognized as previously seen (true positive) and
those incorrectly recognized as previously seen (false positive)
was considered for the analysis.
Blood Sample Collection
A blood sample was collected to determine plasma levels of
nitrite and nitrate (NO2 + NO3) both at baseline (t0) and 30
min (t1) after anodal and cathodal tDCS (Figure 1). Venous
blood was drawn from the antecubital vein into a 10-mL EDTA
vacutainer tube (Vacutainer, Becton Dickinson, USA). Plasma
was immediately separated by centrifuge (5702R, Eppendorf,
Germany) at 1000 × g for 10 min at 4◦C. Total NO level (NOx)
determination was performed using the Griess method with a
commercial assay kit: Nitric Oxide (NO2−/NO3−) detection kit
(Fisher Scientific, USA).
Samples were read by the addition of Griess reagents at
545 nm by a microplate reader spectrophotometer (Infinite
M200, Tecan, Austria). The results were expressed in umol/L.
All samples were determined in duplicate and the inter-assay
coefficient of variation was in the range indicated by the
manufacturer.
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FIGURE 1 | Experimental protocol. Transcranial Direct Current Stimulation (tDCS) was applied bilaterally for 15 min over the scalp in the TP areas (above P3-T5 left
side and P6-T4 right side in according to the international 10–20 electrode placement system) at 1.5 mA. At baseline (t0) and 30 min after tDCS end (t1) patients were
assessed through a word recognition task (WRT), EEG recording, and blood sample collection for NOx analysis.
FIGURE 2 | Baseline correlations. Correlation between Mini-Mental State Examination (MMSE score) and EEG spectral powers (SP) in the HF at baseline under the
electrodes in left (A) and right (B) temporo-parietal areas. (C) Correlation between Mini-Mental State Examination (MMSE score) and NOx concentration (uM). Solid
lines represent the linear regression fit.
Data Analysis
As a first step, to establish the relationship between patient’s
cognitive condition and EEG measures, we verified whether
baseline (t0) spectral powers in the area below the tDCS
electrodes correlated with the patient’s MMSE. We did the
same with the NOx concentrations at baseline. Also, we verified
the effect of AtDCS and CtDCS on the WRT task in our
patients that were a subset of those described by Ferrucci et al.
(2008).
We then assessed the effect of tDCS on both EEG spectral
powers of the selected frequency bands (spectral power in a
certain frequency band over a certain electrode) and coherences
(coherence in a certain frequency band between two electrodes)
by calculating the percentage changes of each variable between t0
(baseline) and t1 (30min after tDCS) as:
Delta = (v(t1)− v(t0))/v(t0) (1)
Where v(t) is the value of the spectral or coherence variable at t0
and at t1.
For spectral powers, because the limits of the frequency
bands can vary from patient to patient (Klimesch, 1999), while
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we calculated the spectral power in the classical EEG bands,
we did not consider the bands as completely independent
variables: we considered separately the “low-frequencies” (LF)
(delta and theta) to cover the whole 2–7 Hz band, and the
“high-frequencies” (HF) (alpha and beta), to cover the whole
8–25 Hz band. Also, we considered separately the electrodes
over the frontal (Fp1, Fp2, F3, F4, F7, F8), TP (P3, P4, T3,
T4, T5, T6), central (C3, C4, Cz), and occipital (O1, O2)
areas.
Spectral powers and coherences were normally distributed
(single-sample Kolmogorov–Smirnov tests p > 0.05), and
therefore mean, standard error of the means, and parametric
statistical analyses are presented. Hence, we used a four-way
ANOVA with factors “electrode” (one level for each of the
electrodes in the area), “side” (right and left), “band” (delta and
theta for LF and alpha and beta for HF), and “stimulation”
(AtDCS and CtDCS).
For coherences, we considered separately F-A-T and TP-
O coherences and we run a two-way ANOVA with factors
“electrode pair” (one level for each of the electrode pairs in the
area) and “stimulation” (AtDCS and CtDCS).
Tukey’s honest tests were used for post-hoc analysis.
Probability levels of p < 0.05 were considered significant.
Finally, we assessed the correlation of tDCS-induced memory
function improvement with the tDCS-induced EEG changes that
resulted significant. To do so, Spearman’s correlation coefficient
(p < 0.05) was calculated between spectral powers or coherences
that displayed significant tDCS-induced changes at t0 and t1
and the corresponding WRT result at t0 and t1 (after AtDCS or
CtDCS).
Finally, to disclose the correlation between significant EEG
changes and NOx changes, we calculated the Spearman’s
correlation coefficient (p< 0.05) between spectral power at t0 and
t1 and the corresponding NO level at t0 and t1 (after AtDCS or
CtDCS).
Throughout the text, values are expressed as mean± standard
errors of the mean (SE).
RESULTS
Baseline Evaluation and tDCS Effect on
Memory Functions
Baseline patient’s characteristics are reported in Ferrucci et al.
(2008). We found an inverse correlation between MMSE scores
and spectral powers in the HF under the electrodes in both the
left (T3: R2 = 0.67, p = 0.024; T5: R2 = 0.67, p = 0.023; P3:
R2 = 0.74, p = 0.012) (Figure 2A) and the right TP areas (T4:
R2 = 0.75, p= 0.011; T6: R2 = 0.72, p= 0.015; P4: R2 = 0.62, p=
0.035) (Figure 2B). Even though not reaching significance (R2 =
0.46, p = 0.095), NOx baseline concentrations showed a similar
trend: lower NOx levels are associated with higher MMSE scores
(Figure 2C).
As previously reported on the full population (Ferrucci et al.,
2008), AtDCS improved WRT results in all subjects (t0 vs. t1:
3.1 ± 0.8 vs. 5.6 ± 1.1, p = 0.015), whereas CtDCS tended to
worsen it (t0 vs. t1: 4.5 ± 0.9 vs. 2.6 ± 1.1, p = 0.08). Table 1
TABLE 1 | Individual results at the Word Recognition Task (WRT) and NO
levels before (t0) and after (t1) AtDCS and CtDCS.
Subject AtDCS CtDCS
WRT NOx WRT NOx
t0 t1 t0 t1 t0 t1 t0 t1
1 2.0 2.0 95.0 105.3 3.0 2.0 77.2 74.9
2 1.0 4.0 36.8 36.2 0.0 0.0 38.1 35.5
3 4.0 10.0 39.5 39.5 6.0 5.0 61.0 65.6
4 1.0 3.0 38.9 39.5 7.0 6.0 28.7 31.9
5 2.0 4.0 54.4 53.8 7.0 0.0 47.7 44.0
6 5.0 8.0 38.8 28.4 5.0 5.0 39.1 34.4
7 7.0 8.0 32.4 34.1 4.0 0.0 50.6 52.7
reports individual WRT scores and NO concentrations. All the
patients tolerated the procedure well, and did not experience
adverse effects. None of themwas able to distinguish AtDCS from
CtDCS.
tDCS Effects on EEG Rhythms
In frontal areas, tDCS had no effects on EEG power neither in
the LF nor in the HF. In TP areas, CtDCS significantly decreased
LF below tDCS electrodes (P3 and P4, AtDCS vs. CtDCS: 3.7 ±
7.2% vs. −31.8 ± 4.3%, p = 0.03, Figure 3A upper panel),
whereas AtDCS significantly increasedHF (T3 and T4, AtDCS vs.
CtDCS: 19.2 ± 7.4% vs. −5.2 ± 3.9%, p = 0.02, Figure 3A lower
panel). In central areas, CtDCS significantly decreases LF below
all electrodes (C3, AtDCS vs. CtDCS: 15.7 ± 7.3% vs. −21.9 ±
5.9%, p< 0.0001; C4, AtDCS vs. CtDCS: 1.04± 8.7% vs.−34.7±
3.8%, p < 0.0001; Cz, AtDCS vs. CtDCS: 18.6 ± 8.6% vs. −8.1 ±
8.3%, p < 0.0001; Figure 3B, upper panel). Conversely, AtDCS
increased HF oscillations below C3, whereas CtDCS decreased
them below C4 (C3, AtDCS vs. CtDCS: 13.3 ± 3.9% vs. −7.8 ±
1.9%, p = 0.0005; C4, AtDCS vs. CtDCS: −4.8 ± 5.2% vs. −19.4
± 4.2%, p = 0.007; Figure 3B, lower panel). As well as in the
other areas, CtDCS increased LF in the whole occipital area (O1,
AtDCS vs. CtDCS: 0.22± 6.5% vs.−31.9± 4.7%, p< 0.0001; O2,
AtDCS vs. CtDCS: −3.43 ± 6.0% vs. −25.5 ± 5.6%, p < 0.0001;
Figure 3C), whereas no effect was observed on HF.
tDCS Effects on EEG Coherences
We observed a significant effect of tDCS on the fronto-
antero-temporal (Figure 4) and the temporo-parieto-occipital
(Figure 5) coherences. AtDCS significantly increased the fronto-
antero-temporal coherence in the LF oscillation (Fp1-C3, AtDCS
vs. CtDCS: 36.8 ± 38.5% vs. −5.0 ± 42.6%; F7-C3, AtDCS vs.
CtDCS: 54.2± 18.4% vs. 20.7± 19.6%; F3-C3 AtDCS vs. CtDCS
9.26 ± 6.6% vs. −3.2 ± 5.8%, p = 0.020%; Figure 4). Similarly,
in the temporo-parieto-occipital area, AtDCS significantly
increased both LF and HF coherences, whereas CtDCS decreased
them. More specifically, AtDCS increased LF T5-C3 and O1-C3
cohenrences (T5-C3, AtDCS vs. CtDCS: 4.0 ± 7.9% vs. −7.1 ±
10.8%; p = 0.044; Figure 5A, upper panel; O1-C3, AtDCS vs.
CtDCS: 0.9 ± 5.6% vs. −8.6 ± 4.6%; p = 0.034; Figure 5B) and
it increased HF T5-C3 and O2-C4 coherences (T5-C3, AtDCS vs.
Frontiers in Neuroscience | www.frontiersin.org 5 March 2016 | Volume 10 | Article 134
Marceglia et al. tDCS and EEG in Alzheimer Disease
FIGURE 3 | EEG spectral power (SP) changes induced by Anodal tDCS (AtDCS) and Cathodal tDCS (CtDCS) from statistical analysis (repeated
measures analysis of variance ANOVA; *p < 0.05). The graphical representation of the scalps displays the EEG channels with significant SP changes from
post-hoc test. Violet represents SP increase and orange SP decrease from baseline. The histograms show the mean SP changes (n = 7) after AtDCS (white) and
(Continued)
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FIGURE 3 | Continued
CtDCS (gray). On the y-axis is represented the SP percentage change from baseline and on the x-axis the EEG channels. Results are expressed as mean ± standard
error (SE). (A) EEG SP changes induced by AtDCS and CtDCS in the Temporo-Parietal area in the low-frequency (delta and theta, upper panel) and high-frequency
(alpha and beta, lower panel) bands: T3, T5, P3: left side; T4, T6, P4: right side. (B) EEG SP changes induced by AtDCS and CtDCS in the Central area in the
low-frequency (delta and theta, upper panel) and high-frequency (alpha and beta, lower panel) bands: C3, Cz, C4. (C) EEG SP changes induced by AtDCS and
CtDCS in the Occipital area in the low-frequency (delta and theta, upper panel) and high-frequency (alpha and beta, lower panel) bands: O1, O2.
FIGURE 4 | EEG coherence (Coh) changes induced by Anodal tDCS (AtDCS) and Cathodal tDCS (CtDCS) in the Fronto-Antero-Temporalarea. The panel
shows the significant differences on EEG Coh (two-way repeated measure analysis of variance ANOVA; *p < 0.05) for low-frequency (delta): Fp1-C3, F7-C3, F3-C3.
The graphical representation of the scalps displays the significant difference on EEG Coh (Violet represents Coh increase and orange Coh decrease from baseline).
The bold arrows show the significant differences at post-hoc test. The histograms represent the mean Coh changes (n = 7) after AtDCS (white) and CtDCS (gray). On
the y-axis is represented the Coh percentage change from baseline and on the x-axis the EEG channels. Results are expressed as mean ± standard errors (SE).
CtDCS: 6.3± 7.1% vs.−3.6± 6.9%; p= 0.050; Figure 5A, lower
panel; O2-C4, AtDCS vs. CtDCS: 4.7 ± 10.9% vs. −14.3 ± 6.9%;
p= 0.009; Figure 5C).
Correlation between tDCS Effects on EEG
and Cognitive Performance
The boosting effect of AtDCS on LF coherences significantly
correlated with the cognitive performance at the WRT task
(F7-C3: R2 = 0.31, p = 0.037; O1-T5: R2 = 0.49, p = 0.012)
(Figure 6A). Although not significant, we also observed a trend
toward correlation between the WRT task performance and the
increase of HF power in the TP area (P3: R2 = 0.41, p = 0.10)
(Figure 6B).
In addition, the HF power increase after AtDCS in the TP
areas was directly correlated with an increase in the NOx levels
observed in patients after AtDCS (T3: R2 = 0.30; p = 0.002; T4:
R2 = 0.56; p= 0.012) (Figure 7).
DISCUSSION
In this study, we investigated whether tDCS has an effect on
EEG rhythms and coherences, and whether these changes could
provide insights on the positive effects of tDCS on memory
functions in AD. Our results showed that both A- and CtDCS are
able to modulate cortical electrical activity as measured by qEEG
and that the tDCS-induced modulations in EEG are consistent
with the clinical effects of tDCS on memory in AD patients
(Ferrucci et al., 2008; Boggio et al., 2009, 2012). More specifically,
even though in a limited number of subjects, we observed that
tDCS improves EEG patterns (Figure 8), both acting on the
LF (delta and theta) and the HF (alpha and beta) oscillations.
Whereas, CtDCS produces an unspecific positive decrease in the
LF oscillations in the central-temporal-parietal-occipital areas,
AtDCS has a more specific effect in the stimulation area, by
increasing HF oscillations and coherences. Also, the effects
of AtDCS on spectral powers and coherences correlate both
with the improved clinical performance of the subjects at the
WRT task and with the increased level of NOx following
stimulation. These results suggest that the increased HF power
and LF/HF coherences following AtDCS might be involved
in the improved performance of AD patients at the memory
task. The effect of CtDCS, despite being positive for the EEG
pattern, has no correlation with the performance at the WRT
task.
In fact, the EEG pattern of AD patients described in the
literature suggests that decreased HF spectral powers in the
frontal and TP areas can be involved in the long-term memory
search and retrieval mechanisms (Klimesch, 1999; Koberda et al.,
2013). This is consistent with our findings on the inverse
correlation between patient’s MMSE and basal HF spectral
powers as well as on the direct correlation between HF increase
and WRT improvement after AtDCS. Also, the literature shows
that AD is characterized by abnormal decrease of inter- and
intra- hemispheric EEG coherences that can be representative
of AD widespread cerebral degeneration (Jiang, 2005), and
may indicate an abnormal connectivity between cortical and
subcortical structures (Locatelli et al., 1998; Vecchio et al.,
2016). An increased demand of HF power and coherence in
the temporal areas was observed in AD patients compared
to controls during working memory workload (Hogan et al.,
2003), possibly reflecting an enhanced efforts in patients than
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FIGURE 5 | EEG coherence (Coh) changes induced by Anodal tDCS (AtDCS) and Cathodal tDCS (CtDCS) in the Temporo-Parieto-Occipital area. The
panel shows the significant differences on EEG Coh (two-way repeated measure analysis of variance ANOVA; *p < 0.05) for low-frequency (delta and theta, upper
panel) and high-frequency (alpha and beta, lower panel): O1-P3, O1-T5, T5-C3 (A); low-frequency (delta, theta): O1-P3, O1-C3, P3-C3 (B); high-frequency (alpha,
beta): O1-P3, O2-P4, O1-T5, O2-T6, O1-C3, O2-C4, P3-C3, P4-C4 (C). The graphical representation of the scalps displays the significant difference on EEG Coh
(Violet represents Coh increase and orange Coh decrease from baseline). The bold arrows show the significant differences at post-hoc test. The histograms represent
the mean Coh changes (n = 7) after AtDCS (white) and CtDCS (gray). On the y-axis is represented the Coh percentage change from baseline and on the x-axis the
EEG channels. Results are expressed as mean ± standard errors (SE).
in controls. Hence, AtDCS, by increasing the HF power level
and coherence in the TP areas, could respond to the increased
demand in AD, thus improving WRT performance.
AtDCS, in our findings, also had an increasing effect
on LF coherence, that was positively correlated with better
performances at the WRT. These results complement previous
observations that associated lower theta coherence with poorer
quality of life indicators in AD patients than in controls (Fonseca
et al., 2015).
On the other hand, our data showed that CtDCS has a
widespread decreasing effect on the LF oscillation power not
correlated to the WRT performance. However, the role of theta
band in humans is still to be clarified: the increased theta power
is not specifically associated with AD, but it was observed also
in attention deficit disorders and in traumatic brain injuries
(Koberda et al., 2013; Ulam et al., 2015). Even though the AD
EEG pattern is characterized by an increased activity in the theta
oscillation (Klimesch, 1999; Koberda et al., 2013), this pattern is
not directly related to working memory processing (Hogan et al.,
2003), thus possibly explaining why we did not find a correlation
between the WRT performance and the decrease of theta power.
Our results are in agreement with previous findings on
patients with traumatic brain injury, showing that tDCS-
induced normalization of the EEG pattern correlates with better
performances at neuropsychological tests (Ulam et al., 2015). In
particular, authors report a decreased theta power and increased
alpha power in frontal areas after AtDCS and suggest that the
cumulative effect of consecutive tDCS sessions may regulate
cortical excitability by normalizing frontal EEG pattern.
In addition to EEG features, we provided preliminary data
on the correlation between neurobiological markers and the
memory state: even though observed in the acute stage, higher
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FIGURE 6 | Correlation between cognitive task performance (∆WRT
score) and EEG coherence (Coh) in the LF (A) and HF (B) in the
fronto-central area/temporo-parieto-occipital after AtDCS. The bold
arrows represent the coherences under examination. Single data are
represented as diamonds. Solid lines represent the linear regression fit. The
correlation coefficient (r2) is reported in each panel.
NOx levels after tDCS correlated with both the positive effects
of AtDCS on HF and on LF. Recent findings showed that
tDCS has a role in the neurogenic control of the cerebral
blood flow (Pulgar, 2015) that is directly related to the
development of neurodegenerative diseases (Farkas and Luiten,
2001). Low electrical fields applied to endothelial cells produced
increased NO levels (Trivedi et al., 2013), and, in turn, produce
vasodilatation. These findings suggest that tDCS may act on NO
to increase brain perfusion and improve memory performance.
Despite promising, our results suffer from the limited number
of subjects treated with tDCS that claims for a study on a
larger sample of AD patients. This implied that some trends
in EEG and neurobiological markers did not reach statistical
significance. Also, since the exact definition of EEG band limits
in AD is variable across subjects (Klimesch, 1999), in our
study, we decided to refer to LF oscillations, including delta
FIGURE 7 | Correlation between NOx concentration (uM) and Spectral
Powers (SP, AU) in the HF under the electrodes T3 (A) and T4 (B) after
AtDCS. Single data are represented as diamonds. Solid lines represent the
linear regression fit. The correlation coefficient (R2) is reported in each panel.
FIGURE 8 | Summary of the significant effects induced by AtDCS and
CtDCS on the EEG pattern in the low frequency (A) and the high
frequency (B) oscillations. The graphical representation of the scalps
displays the significant positive (green) and negative (red) effects on EEG
spectral powers (circles) and coherences (arrows).
and theta bands, and HF oscillations, including alpha and beta
bands. Finally, in our subgroup of patients, to avoid subjecting
participants to another long experimental session, we decided
not to record sham EEG. This was in line with our aim, because
we only wanted to investigate whether the effects of tDCS on
memory were reflected by EEG pattern changes. Our results
showed that A- and CtDCS have different effects on the electrical
activity, thus ruling out the possibility that modifications in
the EEG could be observed in any group after tDCS (i.e.,
the second time that EEG is measured). Our results are also
supported by other findings proposing that each tDCS polarity
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can be considered as the best possible control for the other
(Cogiamanian et al., 2008; Truini et al., 2011; Lamy and Boakye,
2013; Bocci et al., 2015).
In conclusion our results provided evidence that tDCS induces
significant modulations in the cortical EEG activity in AD
patients. The abnormal pattern of EEG activity observed in
AD during memory processing is partially reversed by applying
AtDCS, suggesting that AtDCS benefits in AD patients during
working memory tasks are supported by the modulation of
neuronal cortical activity.
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